Introduction
Traditional Chinese medicine (TCM), built upon a complete system of theory, is a broad range of medicinal practices generally incorporating common concepts which have been well developed and are based on experiences accumulated from different ethnic groups for 2000 years in the People's Republic of China, involving various forms of application of natural products and other therapeutic methods. Typical of a number of herbs and mineral medicinals applied in TCM, the harness of animalderived medicines also has a long history from the use of hirudo, ostreae concha, etc, documented in two ancient Chinese medical books of doctrine: Yellow Emperor's Inner Canon 1 and Treatise on Cold Damage. 2 In addition, in the prevailing Chinese Pharmacopoeia (ChP), 3 there are 51 raw animal-derived Chinese medicines (ACMs), 61
processed products from 36 of them, as well as 365 Chinese proprietary medicines composed of ACMs, accounting for 22.0% of all 2,165 Chinese medicines, which indicates their irreplaceable importance in the present day. 4, 5 Gelatinous Chinese medicines (GCMs), made from mammalian skin or horn or reptile shell, are a very important type of ACM. They are extensively used as both hemopoietic and hemostatic agents to treat vertigo, palpitation, hematuria, and insomnia in TCM clinics; consumed as a popular tonic for weaker persons such as the elderly or women after giving birth; or further manufactured to health supplements for certain populations. [6] [7] [8] [9] [10] [11] [12] [13] In the ChP, there are three GCMs under direct regulation of the China Food and Drug Administration (CFDA) by the quality control scheme illustrated in Figure 1 ; the details of their animal origins, medicinal parts, etc, are summarized in Figure 1 and Table 1 .
However, ACMs that are rich in protein and other molecules of biological information differ greatly from the herbs containing abundant secondary metabolites of small molecules or favorable cystine-rich peptides (cyclotides) discovered more and more extensively in recent decades. [14] [15] [16] [17] Which has greatly increased the difficulty of discriminating between them, and therefore the exploration of their discrimination was much fewer than other Chinese medicines so far, especially it is lack of specifically designed strategies and means for this purpose, and some cutting-edge MS technologies such as matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) and orbitrap extensively used for proteomics research have been rarely employed in the study of ACMs until the present. In this paper, our efforts to differentiate three GCMs from each other are presented, and, as shown in Figure 2 , a novel strategy based on nanoflow liquid chromatography in tandem with orbitrap mass spectrum detection (NanoLC-orbitrap MSD) is proposed for their authentication, with some evidential differences explored on the GCM samples digested by specific enzyme. NanoLC-orbitrap MSD is distinguished by high resolution; great mass accuracy, specificity, sensitivity for analysis, and rapid conduction of MS n profiling for the peak of interest, making this technology one of the most powerful tools in current proteomics research. 18 By taking advantage of these favorable features, it is feasible and convenient to identify the enzymatic-digested peptides originated from signature proteins present in each GCM, which thus could be employed as the potential biomarkers for ACMs, including their form of raw medicinal material, the pulverized material, and Chinese Proprietary medicines for authentication purposes. 
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Materials and methods

Materials and chemicals
Total protein determination Preparation of sample solutions
For the fine powder of each raw material, 0.100 g was precisely weighed into a beaker and 5.00 mL of distilled H 2 O was added to dissolve the sample in an 85°C water bath for 20 minutes, and the solution was completely transferred into a 10 mL volumetric flask. The solution was then centrifuged at 4,000 rpm for 30 minutes and the supernatant was collected, 1.00 mL of which was diluted to 10.0 mL with H 2 O for subsequent analysis by two conventional methods including both Bradford assay and BCA assay for comparison purposes.
Bca assay and Bradford assay
BCA assay was conducted on a UV transparent 96-well microplate and the absorbency was scanned at 560 nm using a microplate reader. Bradford assay was carried out in test tubes and the absorbency measurement was taken at 595 nm. 
sDs polyacrylamide gel electrophoresis analysis
A Bio-Rad electrophoresis system was equipped with a PowerPac universal power supply and a Mini-PROTEAN Tetra cell for SDS polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 20 Glycine SDS-PAGE (5% stacking gel, 10% resolving gel, 1.0 mm) was performed at 80 V for 15 minutes followed by 110 V for another 75 minutes, and tricine SDS-PAGE (5% stacking gel, 18% resolving gel, 0.75 mm) was performed at 80 V for 10 minutes followed by 200 V until the loading dye front reached the bottom of the resolving gel. Then, the gel sandwich was disassembled and subject to either Coomassie brilliant blue staining or silver staining.
Preparation of sample solutions Pretreatment of samples
One hundred milligrams of each GCM sample was dissolved in 10 mL Milli-Q water by vortex and sonication and then centrifuged at 12,000 rpm at 4°C for 30 minutes. The supernatant was collected for subsequent membrane ultrafiltration by centrifugal filter unit (5 kDa molecular weight cut-off; EMD Millipore) at 3,000 rpm at 4°C, according to the manufacturer's instructions, to remove most of the small molecules existing in the solution. The remaining concentrated brown sample solution in the upper vessel of the unit was completely transferred to a glass container and subject to further lyophilization, resulting in a pale and light block mass which was then stored in a desiccator under room temperature for the following experiments.
Digestion by enzyme
Ten milligrams of individual pretreated GCM and gelatin were dissolved in 2.0 mL of 50 mM TES buffer (0.36 mM CaCl 2 , pH 7.4) for collagenase digestion to give the final concentration at 5.0 mg/mL. After sonication and vortexing to promote the dissolution, the samples were visually inspected for the presence of residual solid material and subject to centrifugation at 12,000 rpm for 30 minutes. Then, 100 μL of supernatant was denatured at 95°C for 10 minutes and cooled down to room temperature, and 2.0 μL of enzyme solution (0.10 mg/mL collagenase in TES buffer) was then added before the full digestion performed at 37°C over 24 hours. 21, 22 Few efforts were made to carefully enhance the activity of the enzyme, since the only purpose of this step was to digest the present proteins thoroughly, which could be simply achieved by the addition of excess enzymes, and then the completeness of the above digestions was ensured by means of SDS-PAGE with silver staining.
Nanolc-orbitrap MsD analysis conditions
Enzymatic-digested peptides were analyzed by NanoLC-MS/ MS on an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with a Dionex UltiMate 3000 UHPLC system from Thermo Fisher Scientific. Spraying was done using a Michrom's Thermo Captive Spray nanoelectrospray ion source (Bruker-Michrom Inc., Auburn, CA, USA) at 250°C capillary temperature and 1.5 kV source voltage. Separation was performed in a reverse-phase Acclaim PepMap RSL column (75 μm internal diameter ×15 cm, 2 μm particles), also from Thermo Fisher Scientific, which was maintained at 35°C throughout the analysis. Separation was done with a flow rate of 300 nL/min using 0.1% FA aqueous solution as eluent 
A 60-minute gradient elution was used starting at 3% of eluent B for 1 minute, followed by 3%-35% of eluent B within 47 minutes, increased to 50% of eluent B within 4 minutes, again increased to 80% within 0.1 min, and kept isocratic for 1.3 minutes. Then, the mobile phases were returned to 3% of eluent B within 0.1 minute and maintained for 6.5 minutes for equilibrium.
Data acquisition was done in positive ion mode using the LTQ Tune Plus software (Thermo Fisher Scientific) alternating between full MS (350-1,600 m/z, resolution 60,000, with 1 μscan per spectrum) and FT-MS/MS (150-2,000 m/z, resolution 15,000, with 1 μscan per spectrum) for the ten most intense ions (with a 500-count threshold). Fragmentation was performed in high-energy collisional dissociation mode at 32% normalized collision energy. Automatic gain control target for both full MS and FT-MS/MS was set to 1e+06, and precursor ion charge state screening was activated. Dynamic exclusion list was enabled with an exclusion duration of 30 seconds and an exclusion list size of 500.
De novo sequencing of each peptide was conducted by PEAKS software automatically. Local confidence is the confidence (presented as a percentage) that a particular amino acid is present in the de novo peptide at a particular position. And the sum of the local confidence scores (0 to 1) from each amino acid in the peptide sequence was divided by the number of amino acids, which was presented to be average local confidence (ALC) used to assess the accuracy of the interpretation.
Results and discussion
Protein content
As shown in Table 2 , high correlation coefficients (r 2 ) of calibration curve were achieved in both assays, and the protein content of different GCMs was increased in the following order: TCPC , CCC , ACC. Meanwhile, the contents determined by BCA assay were much higher than in the Bradford assay, suggesting that the proteins in GCMs do not contain a large number of arginine and/or aromatic residues in their chemical structure.
Our first attempt was to differentiate individual GCMs in terms of their protein content, which varied within approximately 10%-20% among different GCMs, implying the ambiguity of using these assays to help discriminate them.
sDs-Page analysis and enzymatic digestion
As another attempt to determine the difference in protein profile among ACC, CCC, and TCPC, their solutions (5 mg/mL) were loaded for electrophoresis examination on both 10% and 18% SDS-PAGE gels, which are preferred to profile proteins .10 kDa and small proteins from 1 to 20 kDa, respectively. However, by both commonly used staining methods, no visual bands were observed in the gels as desired, with the lanes being wholly stained in a dispersive manner all the way down from the top to the gel front, as shown in Figure 3 . Contrastively, various and intensive bands ranging from 20 kDa to as much as .245 kDa were clearly observed in gelatin sample used as a reference. Considering the plentiful presence of proteins in the original animal medicinal parts used for GCMs production as well as the addition of some maltose, a favorable disaccharide having a reducing form as one of its two units may have an open-chain form with an aldehyde group; this result could be caused by the Maillard reaction, an important chemical reaction between the nucleophilic amino group of amino acids in protein and reactive carbonyl group of reducing sugars, which leads to the formation of a complex mixture of poorly characterized molecules responsible for a range of odors and flavors.
During the production of GCMs in industry, long-term decoction has been employed for the extraction from an animal's medicinal part or in the course of subsequent refinement and concentration with the addition of rice wine, soya bean oil, and rock sugar as ingredients, which caused an incomplete enzymatic digestion of the protein in the samples in the present study, so a necessary and convenient procedure for the purification of proteins was performed to remove them prior to the digestion step. It was also considered that all the investigated GCMs are derived from the skin of mammals or the bone of reptile, and collagens 
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Yang et al are primarily located in the extracellular matrix of animal skin, bone, and many other tissues. Accordingly, the use of bacterial-sourced collagenases for digestion can be regarded as a straightforward approach because these enzymes are capable of fragmenting different types of collagen from the cleavage site between ~Pro-X and Gly-Pro-Y, where X is most often a neutral amino acid and Y can be any nonspecific amino acid residue. As the collagenases from C. histolyticum are readily available in large amounts, are cheap, and also have satisfying cleavage efficiency, they are the enzymes of choice for digestion of the collagens into smaller peptides that are easily detectable by mass spectrum detection.
Nanolc-orbitrap MsD analysis
It was observed from the NanoLC-orbitrap MSD total ion chromatogram of the three GCMs' digests, as shown in Figure 4 , that most of the fragments generated were intensively eluted out of the capillary column from approximately 8 to 20 minutes. Also, the profiles of the peak clusters differed from each other slightly, although not much effort was made to optimize the liquid chromatography conditions for a better performance, as our major aim of these analyses was to identify the diagnostic biomarkers from the peptides for the differentiation of individual GCMs, which does not necessarily require a fine separation of the sample.
The exact mass of the peptide ions was calculated according to the precursor mass and isotope pattern displayed in the MS spectrum at each time point, and the MS and MS/MS fragments obtained were all subject to de novo sequencing for further analysis by PEAKS Studio 7 (Bioinformatics Solutions Inc., Waterloo, ON, Canada). The cut-off ALC was set to be 90% for good peptide matching -much higher than the 55% ALC commonly recognized in usual practice, which must not ensure that the whole sequence is completely correct. In this way, 14 diagnostic fragments identified from the digests of these medicines were exclusively selected for their discrimination and are summarized in Table 3 . All the fragments selected were within the range of 500-800 m/z of multiple charges at 2+ or 3+ , which were composed of 10-19 amino acid residues. Among these, glycine contributed to more than one-third of the sequence in almost all the fragments, and proline was always at the C-terminal site of the sequence. In addition, some of the amino acids abundant in collagens were also incorporated in the sequence of the fragments, eg, glutamic acid, arginine, alanine, and threonine.
In the present study, the term "potential biomarkers" was tentatively employed to acknowledge their potential value and at the same time to indicate their uncertainty, and more GCMs including the products made from other animal sources are yet to be analyzed furthermore.
Potential biomarkers' sequence alignment and analysis
All of the sequences of the potential biomarkers were compared with those of other known proteins based on an online Basic Local Alignment Search Tool (BLAST) analysis, available on the National Center for Biotechnology Information (NCBI) website (http://blast.ncbi.nlm.nih. gov/Blast.cgi), and were used as an input sequence for a Position-Specific Iterated BLAST (PSI-BLAST) search program against the non-redundant protein sequences databases (nrdb). 23 As a consequence, a high degree of similarity was found to the sequences of predicted or previously published proteins, and most of them were collagens from mammals.
As summarized in Table 4 , the highest sequence identity (82%) was found in the partial sequences of collagens from animals of the Equus genus, including Equus asinus L, which is the only medicinal animal origin for ACC, and collagen alpha-1 type I chain aligned with the sequence of the potential biomarker was one of 599 proteins discovered in this animal. The result accordingly suggested the certain reliability of the novel approach newly proposed in the current study. Although other potential biomarkers have been well aligned with the collagens from various animals, they could not be matched with the sequences of the proteins from 
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Novel strategy for the discrimination of gelatinous chinese medicines The National Centre for Biotechnology Information (NCBI) database, respectively. This could be largely caused by the very limited proteins discovered for each of the animal origins used for the production of the GCMs, which has greatly increased the difficulty level for further study.
Conclusion
It can be concluded that these three GCMs could not be well discriminated by using either the approach enforced in ChP for the quality control of those GCMs required by CFDA, as the methods lack sufficient specificity, or by using protein content determination and SDS-PAGE analysis as carried out as the first attempts in this study, since no crucial visual differences were observed.
The novel strategy proposed and developed in this study represents a simple and convenient method for the purpose of the discrimination of some GCMs by using a powerful proteomics tool, NanoLC-orbitrap MSD, after the enzymatic digestion by bacterial-sourced collagenases. This method retains the advantages of the highly specific method of qualitative analysis while avoiding the associated problems.
